INTRODUCTION
============

Head and neck masses represent a wide spectrum of malignant and benign lesions. Accurate pre-treatment differentiation is crucial for determination of individual treatment plan ([@B1]). Differentiation work based on clinical information alone is insufficient due to remarkable overlap between malignant and benign lesions ([@B1][@B2]). Conventional computed tomography and magnetic resonance imaging (MRI) are extensively used to delineate head and neck masses. Several imaging features such as adjacent structure invasion, perineural spread, and presence of necrosis have been proven to be helpful in predicting the biological behavior of head and neck masses ([@B3][@B4]). However, interpretation of imaging features is a subjective process that can result in remarkable inter-reader variability. Therefore, an objective and useful method that is helpful in predicting head and neck malignancy is needed ([@B5]).

Diffusion-weighted imaging (DWI) and apparent diffusion coefficient (ADC) value derived from DWI have been commonly used to distinguish malignancy from benignity in head and neck region ([@B5][@B6][@B7][@B8]). Due to high cellularity and limited extracellular space, malignant tumors usually demonstrate hyperintensity on DWI with low ADC values ([@B6][@B7][@B8]). The traditional theory of DWI assumes that the diffusion pattern of water molecules has Gaussian distribution. However, it has been reported that the diffusion pattern of water molecules tends to deviate from a Gaussian distribution (referred to as non-Gaussian distribution) due to the existence of barriers and compartments (e.g., cell membranes, intracellular and extracellular spaces) ([@B9]).

As an emerging imaging technique, diffusion kurtosis imaging (DKI) and quantitative metrics derived from DKI have been proven to be useful for quantifying the degree of non-Gaussian distribution. These derived metrics have been proven to be useful for providing more accurate characterization of water diffusion than that of ADC in many tissues ([@B10][@B11][@B12][@B13]), including head and neck region ([@B14][@B15][@B16],[@B17]). However, in previous studies, DWI and DKI were usually performed using single-shot echo-planar imaging (SS-EPI) which is prone to image artifacts ([@B18]). By contrast, readout-segmented echo-planar imaging (RS-EPI) technique has been proven to be superior in reducing ghosting artifacts, image blurring, and geometric distortions of diffusion associated imaging scan ([@B18][@B19]). However, no study has reported the use of RS-EPI-based DKI for differentiating malignant from benign head and neck masses. Therefore, the purpose of this study was to evaluate the diagnostic performance of RS-EPI-based DKI in differentiating malignant from benign masses in head and neck region compared to that of DWI.

MATERIALS AND METHODS
=====================

Patient Selection
-----------------

This retrospective study was approved by the Institutional Review Board of our hospital. The requirement of informed consent was waived. Retrospective review of our hospital database identified 111 consecutive patients with histologically confirmed head and neck masses between December 2014 and April 2016. Inclusion criteria were: 1) RS-EPI-based DKI scan was performed before biopsy or any other treatment; 2) the short-axis diameter of the mass was ([Table 1](#T1){ref-type="table"}) more than 1-cm; and 3) the image quality was adequate. Thirty-nine patients were excluded due to following reasons: 1) lack of DKI (n = 21); 2) biopsy or radiotherapy was administered before magnetic resonance (MR) scan (n = 10); 3) the short-axis diameter of the mass was less than 1-cm (n = 6); and 4) inadequate imaging quality with obvious susceptibility or motion artifacts (n = 2).

Finally, 72 consecutive patients (46 males and 26 females; mean age, 54.1 ± 15.0 years; range, 12--88 years) were enrolled in this study. Among these 72 patients, 16 had benign masses (4 males and 12 females; mean age, 49.1 ± 12.3 years; range, 14--67 years) and 56 had malignant masses (42 males and 14 females; mean age, 55.6 ± 15.5 years; range, 12--88 years). Detailed clinical characteristics and histological information of these included patients are summarized in [Table 1](#T1){ref-type="table"}.

Image Acquisition
-----------------

All MRI examinations were performed with a 3T MR scanner (MAGNETOM Verio, Siemens Healthineers, Erlangen, Germany) using a 12-channel head and neck coil. Conventional MRI scan ranged from the skull base to the suprasternal notch with the following sequence: 1) axial fat-suppressed T2-weighted image (repetition time \[TR\]/echo time \[TE\] = 5930/95 ms; slice number = 40; slice thickness = 4 mm without gap; field of view \[FOV\] = 230 mm; matrix = 384 × 384); 2) axial T1-weighted image (TR/TE, 1460/10 ms; slice number = 40; slice thickness = 4 mm without gap; FOV = 230 mm; matrix = 384 × 384); 3) coronal fat-suppressed T2-weighted image (TR/TE = 4500/79 ms; slice number = 20; slice thickness = 4 mm without gap; FOV = 240 mm; matrix = 384 × 384); 4) coronal T1-weighted image (TR/TE = 712/9.5 ms; slice number = 20; slice thickness = 4 mm without gap; FOV = 240 mm; matrix = 384 × 384); 5) sagittal fat-suppressed T2-weighted image (TR/TE = 4200/79 ms; slice number = 20; slice thickness = 4 mm without gap; FOV = 240 mm; matrix = 384 × 384); and 6) sagittal T1-weighted image (TR/TE = 350/2.5 ms; slice number = 20; slice thickness = 4 mm without gap; FOV = 240 mm; matrix = 384 × 384). For post-contrast MR scan, gadolinium-diethylene triamine pentaacetic acid (Magnevist, Bayer AG, Berlin, Germany) as contrast agent was intravenously bolus injected at a dose of 0.1 mmol/kg of body weight followed by a 20 mL bolus injection of saline. After injecting the contrast, axial, sagittal, and coronal T1-weighted images were acquired. Total scan time of conventional MRI was about 18.5 minutes.

Readout-segmented echo-planar imaging sequence was used for DKI. Imaging parameters were consistent as follows: b values = 0, 500, 1000, and 1500 s/mm^2^; orthogonal directions = 3; diffusion schema = Stejskal-Tanner; Fat suppression = frequency selective; TR/TE = 4300/74 ms; slice number = 13; number of excitations = 1; FOV = 230 mm; slice thickness = 4 mm without gap; matrix = 224 × 224; phase-encoding direction = anteroposterior; echo-spacing = 0.4 ms; and number of readout segments = 5. Total acquisition time of DKI was 4 minutes 32 seconds.

Imaging Processing
------------------

Imaging data were post-processed offline with an inhouse software using monoexponential and diffusion kurtosis (DK) model. Imaging source data of 2 b values (0 and 1000 s/m^2^) were processed using monoexponential model to measure ADC while data of 4 b values (0, 500, 1000, and 1500 s/mm^2^) were processed using DK model to measure DKI-derived parameters.

For the monoexponential model, the relationship between signal intensity of DWI and b factors can be expressed by:

$$S_{b} = S_{o}e^{- bADC}$$

For the DK model, the relationship between signal intensity of DKI and b factors can be expressed by:

$$S_{b} = S_{o}e^{( - bD_{app} + \frac{1}{6}b^{2}{D_{app}}^{2}K_{app})}$$

where S is signal intensity, b is b value (s/mm^2^), ADC is apparent diffusion coefficient, D~app~ is apparent diffusion for Gaussian distribution, and K~app~ is apparent kurtosis coefficient (a dimension-less parameter). Pixel-by-pixel maps of diffusion features (ADC, D~app~, and K~app~) were then automatically constructed.

Based on DK images (b = 1000 s/mm^2^), regions of interest (ROIs) were manually drawn on each slice to encompass the whole mass with reference to T2-weighted and contrast enhanced T1-weighted images. Surrounding blood vessels and large areas with cystic, necrotic, and hemorrhagic components were excluded. ROIs were slightly smaller in size than actual tumor sizes to reduce the influence of partial volume effect.

Regions of interest were placed individually by two radiologists (5 and 4 years of clinical experience in head and neck radiology for reader 1 and reader 2, respectively). Both radiologists were blinded to the study design and final diagnosis. Measurement results of these two radiologists were used to assess inter-reader reproducibility. The average value of measurement results from the two was used in further statistical analyses.

Statistical Analysis
--------------------

All numeric data are reported as mean ± standard deviation. Normality of quantitative parameters was evaluated with Kolmogorov-Smirnov\'s test. If data were normally distributed (patient age and K~app~), they were compared using unpaired t test. If they were not normally distributed (ADC and D~app~), they were compared using Mann-Whitney U test. Chi-square test was used to compare the difference in gender proportion between the two groups. Receiver operating characteristic (ROC) curve analyses were performed to determine the diagnostic value of significant parameters in predicting head and neck malignancy ([@B20]). Areas under ROC curves (AUCs) were compared using published method ([@B21]). Intra-class correlation coefficient (ICC) with 95% confidence interval and Bland-Altman method were used to evaluate the inter-reader agreement of quantitative measurements. ICC was interpreted as poor when it was \< 0.40, moderate if it was 0.41-- --0.60, good if it was 0.61-- --0.80, and excellent if it was ≥ 0.81. A two-sided p value of less than 0.05 was considered statistically significant. Statistical analysis was carried out using statistical packages SPSS version 23.0 (IBM Corp., Armonk, NY, USA) and MedCalc (MedCalc, Mariakerke, Belgium).

RESULTS
=======

Significant (*p* \< 0.001) difference in sex distribution was found between benign and malignant groups. However, there was no significant (*p* = 0.129) difference in age distribution between the two groups. Results of comparison for DWI and DKI derived parameters between malignant and benign groups are summarized in [Table 2](#T2){ref-type="table"}. ADC and D~app~ of malignant masses were all significantly lower than those of benign mimics, although K~app~ of malignancy was significantly higher than that of benignity (all *p* \< 0.001) ([Fig. 1](#F1){ref-type="fig"}). Representative cases of adenocarcinoma and pleomorphic adenoma in the parotid gland are shown in [Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}, respectively.

[Table 3](#T3){ref-type="table"} summarizes detailed diagnostic performance of significant imaging parameters in differentiating malignant from benign head and neck masses. ROC analyses indicated that, when a combination of D~app~ and K~app~ was used as diagnostic index, optimal diagnostic performance in predicting malignant head and neck masses was obtained (AUC, 0.959; sensitivity, 82.1%; specificity, 100.0%). This was significantly (*p* = 0.042) better than using ADC alone ([Fig. 4](#F4){ref-type="fig"}).

Using a combination of D~app~ and K~app~ as differentiating criterion, there were 11 false negative cases (one patient with adenocarcinoma in the parotid gland, ten patients with squamous cell carcinomas in the tongue, nasopharynx, or paranasal sinus). However, there were no false positive cases.

Excellent inter-reader agreements were achieved for quantitative measurements of ADC, D~app~, and K~app~ (ICC: 0.942 vs. 0.989 vs. 0.984). Results of Bland-Altman analysis for repeated measurements are shown in [Figure 5](#F5){ref-type="fig"}.

DISCUSSION
==========

Our study revealed several important findings. First, malignant masses showed lower ADC and D~app~ values than benign mimics. This might be related to hypercellularity and limited extracellular space of malignant masses ([@B6][@B7][@B8]). Second, the K~app~ of malignancy was higher than that of benignity. Third, compared to ADC alone, a combination of D~app~ and K~app~ demonstrated better diagnostic performance in differentiating malignant from benign masses in head and neck region.

In agreement with previous studies ([@B5][@B6][@B7][@B8][@B10][@B11][@B22]), malignant masses showed significantly lower ADC and D~app~ values than benign mimics. This could be explained by the hyper-cellularity, enlarged nuclei, and reduced extracellular space in malignant tumors. We also found that K~app~ values of malignant masses were significantly higher than those of benign mimics. Similar findings have also been reported in previously studies on cerebral glioma, prostate cancer, and so on ([@B23][@B24][@B25][@B26]). Roethke et al. ([@B23]) have found that the K~app~ value is significantly lower in peripheral zone prostate cancer compared with that in control normal region. Jiang et al. ([@B24]) have found that the kurtosis value is increased as the grade of glioma is increased. They indicated that it might be associated with increased heterogeneity in high grade gliomas. Previous studies have also indicated that K~app~ is proportional to the heterogeneity and complexity of microstructure of tumors ([@B23][@B24][@B25]). Therefore, malignant masses would show higher K~app~ than benign mimics. However, the most common histologic type of malignant tumors in our study was squamous cell carcinoma with features of scarce amounts of necrotic tissue. This might lead to substantially increased K~app~. This potential bias might overestimate the diagnostic accuracy for malignancy. Further study with larger cohort and more histological compositions is needed to clarify the value of DKI in such differentiation work.

Compared to conventional ADC value, a combination of D~app~ and K~app~ demonstrated better diagnostic performance for differentiating malignant from benign masses in this study. Compared to the assumption of Gaussian distribution in monoexponential diffusion weighted (DW) model, the non-Gaussian distribution assumed in DK model might be more accurate considering complex and heterogeneous cellular microstructure in both benign and malignant tissues. DKI could provide additional information related to tumor heterogeneity for equivocal cases. Therefore, DKI could improve the diagnostic performance.

Currently, DWI is commonly performed based on SS-EPI. However, SS-EPI is prone to image artifacts and distortion. As an alternative approach, RS-EPI technique has been applied more and more in DWI related studies ([@B18][@B19][@B27][@B28]). RS-EPI has been proven to be an effective technique that can significantly improve image quality by reducing susceptibility artifacts, distortion, and blurring compared to SS-EPI ([@B27][@B28]). Therefore, we used RS-EPI technique for DKI scan in our study. We believe that prominent improvement in image quality is beneficial for ensuring the accuracy and credibility of quantitative measurements in the present study.

This study has some limitations. First, it was a retrospective study in a single center with a relatively small sample size. However, our results could be used as a base for future larger-scale prospective studies. Second, pathological conditions of subjects in our study varied widely, especially for those in the benign group while almost all cases in the malignant group were squamous cell carcinomas. Case series bias might influence statistical power and application of the derived threshold value of D~app~ and K~app~. Third, due to above-mentioned limited sample size and cases series bias, some crucial subgroup differentiation among different malignant masses could not be performed, such as differential diagnosis between lymphoma and squamous cell carcinoma. Further study with a larger cohort is needed to clarity the ability of DKI in such subgroup differentiation work.

In conclusion, RS-EPI-based DKI was feasible for differentiating malignant from benign masses in head and neck region. Besides, DKI could provide additional information associated with tumor heterogeneity. Compared to ADC alone, a combination of D~app~ and K~app~ demonstrated better diagnostic performance. Thus, DKI could be used as a promising imaging biomarker for discriminating malignant from benign masses in head and neck region.

This study was supported by Jiangsu Province\'s Young Medical Talents Program (QNRC2016560 to XQ Xu).

![Box plots showing comparison of ADC (A), D~app~ (B), and K~app~ (C) for benign and malignant masses in head and neck region.\
Line in box represents median. Height of box represents interquartile range. Wiskers are lowest and highest data points within 1.5 interquartile range. Circles indicate outliers. ADC = apparent diffusion coefficient, D~app~ = apparent diffusion for Gaussian distribution, K~app~ = apparent kurtosis coefficient](kjr-19-443-g001){#F1}

![68-year-old man with adenocarcinoma of parotid gland.\
**A.** Axial T2-weighted image showing infiltrative mass located in right parotid gland. After region of interest (red line) was dawn around mass **(B)**, color maps for ADC **(C)**, D~app~ **(D)**, and K~app~ **(E)** were obtained and superimposed on DK image (b~1000~ map). ADC, D~app~, and K~app~ values of mass were 1.037 × 10^−3^ mm^2^/s, 1.325 × 10^−3^ mm^2^/s, and 0.766, respectively. DK = diffusion kurtosis](kjr-19-443-g002){#F2}

![53-year-old man with pleomorphic adenoma of parotid gland.\
**A.** Axial T2-weighted image showing local mass located in right parotid gland. After region of interest (red line) was dawn around mass **(B)**, color maps for ADC **(C)**, D~app~ **(D)**, and K~app~ **(E)** were obtained and superimposed on DK image (b~1000~ map). ADC, D~app~, and K~app~ values of mass were 2.010 × 10^−3^ mm^2^/s, 2.308 × 10^−3^ mm^2^/s, and 0.420, respectively.](kjr-19-443-g003){#F3}

![Comparison of diagnostic ability for discriminating malignant from benign masses in head and neck region among different parameters.\
Combination of D~app~ and K~app~ showed significantly (*p* = 0.042) higher AUC than ADC alone. AUC = area under ROC curve, ROC = receiver operating characteristic](kjr-19-443-g004){#F4}

![Bland-Altman plots showing reproducibility of measurement for ADC (A), D~app~ (B), and K~app~ (C).\
Blue line = mean absolute difference. Green lines = confidence interval of mean difference. Red lines = 95% confidence interval of mean difference](kjr-19-443-g005){#F5}

###### Demographic and Pathological Characteristics of Our Study

![](kjr-19-443-i001)

  Characteristics                     Benign Group           Malignant Group           *P*
  ----------------------------------- ---------------------- ------------------------- ----------
  Demographics                                                                         
   Male/female                        4/12                   42/14                     \< 0.001
   Age (y)                            49.1 ± 12.3            55.6 ± 15.5               0.129
  Pathological results and location                                                    
                                      Schwannoma             Squamous cell carcinoma   
                                       Carotid space (6)      Nasopharynx (43)         
                                      Pleomorphic adenoma    Paranasal sinus (4)       
                                       Parotid gland (6)      Tongue (1)               
                                      Adenoid tissue          Palate (1)               
                                       Nasopharynx (2)       Lymphoma                  
                                      Hamartoma               Paranasal sinus (2)      
                                       Paranasal sinus (1)    Nasopharynx (1)          
                                      Ectopic meningioma      Tonsil (1)               
                                       Carotid space (1)      Neck (1)                 
                                                             Adenocarcinoma            
                                                              Parotid gland (2)        

Data in parentheses indicate number of corresponding patients in our study.

###### Differences of Diffusion-Weighted and Diffusion Kurtosis Imaging Derived Parameters between Benign and Malignant Group

![](kjr-19-443-i002)

  Parameters   Benign Group (n = 16)   Malignant Group (n = 56)   *P*
  ------------ ----------------------- -------------------------- ----------
  ADC          1.222 ± 0.420           0.754 ± 0.167              \< 0.001
  D~app~       1.640 ± 0.445           1.029 ± 0.226              \< 0.001
  K~app~       0.715 ± 0.249           1.344 ± 0.309              \< 0.001

Data are presented as mean ± standard deviation. Unit of ADC and D~app~ is × 10^−3^ mm^2^/s. ADC = apparent diffusion coefficient, D~app~ = apparent diffusion for Gaussian distribution, K~app~ = apparent kurtosis coefficient

###### Diagnostic Ability of Significant Imaging Parameters for Predicting Malignancy

![](kjr-19-443-i003)

  Parameters        AUC                    Cut-Off Value   Sensitivity (100%)     Specificity (100%)
  ----------------- ---------------------- --------------- ---------------------- ----------------------
  ADC               0.876 (0.777--0.942)   ≤ 0.875         0.893 (0.781--0.960)   0.813 (0.544--0.960)
  D~app~            0.939 (0.856--0.982)   ≤ 1.179         0.839 (0.717--0.924)   1.000 (0.794--1.000)
  K~app~            0.940 (0.857--0.982)   \> 0.766        0.982 (0.904--1.000)   0.750 (0.476--0.927)
  D~app~ + K~app~   0.959 (0.884--0.991)   /               0.821 (0.696--0.911)   1.000 (0.794--1.000)

Data in parentheses indicate 95% confidence intervals. Unit of ADC and D~app~ is × 10^−3^ mm^2^/s. Combination of D~app~ + K~app~ is performed using method of logistic regression. AUC = area under ROC curve, ROC = receiver operating characteristic
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